We calculate the charged-current cross sections obtained at the T2K off-axis near detector for νµ-induced events without pions and any number of protons in the final state using transport theory as encoded in the GiBUU model. In a comparison with recent T2K data the strength of the 2p2h multinucleon correlations is determined. Linking this to the isospin (T ) of the initial nuclear state, it is found that T = 0 leads to a significantly better fit of the recent cross sections obtained by T2K, thus achieving consistency of the 2p2h multi-nucleon correlation contributions between electronnucleus and neutrino-nucleus reactions.
I. INTRODUCTION
The accurate characterisation of (sub)GeV-scale charged-current neutrino-nucleus interactions through differential cross-section measurements is essential for long-baseline neutrino oscillation experiments to determine the neutrino mixing parameters. The inclusive cross sections are comprised of a sum of quasielastic (CCQE) scattering, 2p2h multi-nucleon interactions and pion production processes. The 2p2h component is particularly interesting as theoretical models differ substantially in their predicted 2p2h-strengths and the systematic uncertainty applied to cover this in oscillation analyses can be one of the largest [1, 2] . Moreover, the experimental picture of 2p2h interactions obtained from MiniBooNE, MINERvA and T2K measurements is confused. Results from MiniBooNE showed an excess over predictions in a CCQE cross-section measurement but are consistent with either the inclusion of 2p2h or with an enhanced CCQE contribution [3, 4] . Following this, results from MINERvA measuring muon and proton final states found no evidence of a 2p2h contribution [5] , in contrast with their results measuring muon-only final states which suggest a need for 2p2h when considering a relativistic Fermi-gas model for the CCQE component [6] . However, comparing this result with more sophisticated nuclear models [7] yields a conclusion consistent with only a CCQE contribution. MINERvA recently updated their flux prediction and a comparison to a similar analysis with this update is then consistent with a 2p2h contribution [8] . More recent MINERvA measurements [9] [10] [11] are not consistent with the 2p2h model of the IFIC Valencia group [12] but require an empirical enhancement. Previous results from T2K [13] suggest the need for a 2p2h contribution but experimental uncertainties are too large to offer a firm quantification.
To clarify the experimental situation, recent results from T2K [14] attempt to provide a deeper probe of 2p2h and other nuclear-medium effects by using the kinematics of both the outgoing muon and proton(s) together. In this paper we, therefore, analyze these results with the intent to extract the 2p2h strength. By invoking consistency with electron data we then determine the isospin T of the initial nuclear configuration.
II. MODEL
We use the non-equilibrium Green's function method encoded in the quantum-kinetic transport code GiBUU. Its theoretical foundations as well as its numerical implementation are described in some detail in [15] . Since the present paper focusses on 2p2h interactions we repeat here, for easier reference, some relevant details on the treatment of 2p2h contributions in GiBUU; for further details we refer to [16] .
The neutrino 2p2h cross-section contribution (σ 2p2h )
Here G is the weak coupling constant; E and θ are the outgoing lepton energy and angle respectively; E is the incoming neutrino energy; Q 2 is the squared four momentum transfer Q 2 = q 2 − ω 2 and M is the nucleon mass. In Eq. (1) the 2p2h contribution is purely transverse.
Crucial for the present study is the connection between the electron and the neutrino structure functions derived in Ref. [17] . There the authors used the WignerEckart theorem to connect the charge-changing transition rates, as they occur in CC neutrino-interactions, with the charge-conserving ones appearing in electron scattering. We exploit this here to link the neutrino 2p2h strength to the much better known electron 2p2h contribution
The 2p2h neutrino structure functions are related to those for electrons, W e 1 , by a simple factor that involves kinematical quantities and the coupling constants as well as the isospin T of the initial state:
Here R e T is a reduced electromagnetic transverse response function and G A (Q 2 ) and G M (Q 2 ) are the axial and magnetic form factors, respectively. A similar structure shows up in the V-A interference structure function:
We note that this form (except for the isospin factor) has also been used in all calculations by the Lyon group [18] . The structure of Eq. (2) can be understood by noting that R e T is a "reduced electromagnetic structure function", from which the electromagnetic form factor and a kinematical factor ω 2 /q 2 have been removed. The full structure function for neutrinos is then obtained by multiplying R e T with the V V and the AA coupling constants. The V A interference shows up in the presence of the product
The electron structure function W e 1 encoded in GiBUU is obtained from a fit to the meson-exchange contribution in electron scattering cross sections for a wide kinematical range [19, 20] . In this fit the 2p2h contribution was assumed to be purely transverse, in line with Eq. (1). In Ref. [16] it was shown that GiBUU describes electron scattering inclusive cross sections on 12 C with this electron structure function quite well.
For isospins T = 0 and T = 1 the neutrino structure functions, and thus also the cross sections, just differ by a factor 2. It is the aim of the present study to investigate whether the T2K results are sensitive to this factor 2 and, if so, which of the two values is favored. We will also see if the favored value is consistent with the isospin of the target groundstate.
In the present calculations we use the GiBUU 2017 version as it can be downloaded from [21] . No special tunes or adjustments were made.
III. COMPARISON WITH EXPERIMENT
We compare the aforementioned T2K differential crosssection measurements of interactions on a C 8 H 8 target that leave no mesons in the final state to GiBUU model predictions of the same topology with T = 0 and T = 1. The different isospin assignments affect only the 2p2h contribution while all the other components of the cross section remain unaltered. To provide a quantitative metric for comparison χ 2 statistics are calculated. It is essential to use the full experimental covariance matrix due to strong off-diagonal contributions stemming from detector resolution effects and the influence of the highly correlated flux uncertainty on the results. Furthermore, it is important to note that these χ 2 statistics can also suffer from Peelle's Pertinent Puzzle and may therefore over-favour model predictions with a lower overall normalization [22, 23] . For this reason we will focus primarily on interpreting comparisons in specific regions of kinematic phase-space, rather than based on the χ 2 . The comparisons shown within this section have been made within the NUISANCE framework [24] .
We start our discussion with the double-differential cross section as a function of the muon kinematics for events with no outgoing protons with momenta above 500 MeV, shown in Fig. 1 .
Here a modest preference for T = 0 can be seen, driven by the intermediate momentum bins of the higher angle slices where the 2p2h content is predicted to be largest [25] . It is interesting to note this prediction of a predominantly high-angle 2p2ph component runs contrary to what it predicted by other 2p2h models, as can be seen in [13] for the Lyon and Valencia models and in [8] for SuSAv2. These other 2p2h models all overestimate the forward cross section; this could indicate problems with their longitudinal 2p2h contributions, as has been speculated in Ref. [25] .
We also compared the GiBUU prediction to the T2K results with one proton with momentum above 500 MeV, but this shows little sensitivity to variations in T and so is not shown here. This is partially due to GiBUU predicting a slightly smaller relative contribution of 2p2h interactions but also because the limited experimental statistics only facilitate binning where their contribution is not so concentrated. The smaller 2p2h component is largely because T2K's fairly narrow and low neutrino beam energy (peaked at 0.6 GeV) [26] allows only a fairly limited kinematic phase-space where a two nucleon excitation can leave one with momentum above 500 MeV. Fig. 2 . p p , cos θ p , p µ , cos θ µ are the momentum and angle (with respect to the incoming neutrino) of the outgoing proton and muon respectively.
The T2K analysis went beyond a double-differential cross section measurement by also exploring the correlations between outgoing muon and proton kinematics, which can serve as a more powerful projection of the data when characterizing the 2p2h contribution. One such analysis measures three observables which describe the imbalance between the muon and the highest-momentum proton in the plane transverse to the incoming neutrino. These "single-transverse" observables have previously been demonstrated to act as powerful probes of nuclear-medium effects for measurements of an exclusive interaction mode [27] . They are defined by:
Here p l T and p p T are the momentum of the outgoing lepton and highest momentum proton in the plane transverse to the incoming neutrino, respectively. Fig. 2 shows the comparison of these calculated observables with the experimental ones, in the left column for T = 0 and on the right for T = 1. This comparison is made in the restricted proton and muon kinematic phase-space specified for the analysis, shown in Tab. I.
It is immediately seen that the T = 1 calculation disagrees with the result, particularly at large transverse kinematic imbalances (the tails of δp T and δφ T ) where it becomes too large. This impression is borne out in the χ 2 values, which are substantially lowered when the isospin configuration of the initial state is altered from T = 1 to 0. Moreover, because the largest relative 2p2h contribution is highly concentrated in these large transverse imbalance regions, a similar improvement could not be obtained by alterations to the T2K flux normalization (the largest of the experimental systematic uncertainties). These measurements thus exhibit acute sensitivity to the different isospin assignments.
It should be noted that the shape of the model does not completely describe the result in the CCQE-dominated region of δp T (where δp T is not much larger than the Fermi momentum). However, this region is specifically sensitive to the initial state nucleon momentum distribution and alterations to this are not expected to strongly alter the tail of the distribution [27] so therefore have limited bearing in the determination of T .
It is possible that variations to the description of hadronic re-interactions inside the nucleus ('final state interactions', FSI) could also alter the high transverse imbalance regions. However, the description of FSI within GiBUU have been validated and tested across a wide class of reactions [15, 28] and are entirely consistent in their description of the physics of the processes involved. Moreover, it has been demonstrated (albeit for other models) that the limited proton kinematic phase-space employed by the analysis suppresses the impact of FSI alterations such that very large variations correspond to only small changes in the high transverse imbalance regions of the predicted distributions [29] .
In these comparisons we essentially treat T as a free parameter. It is gratifying to see that we indeed favor T = 0, the physical isospin of the groundstate of 12 C.
IV. SUMMARY AND CONCLUSIONS
A detailed understanding of 2p2h excitations in neutrino-nucleus interactions is essential to control the systematic uncertainties in long-baseline neutrino oscillation analyses. Previous measurements have struggled to give a consistent depiction of 2p2h, where the size of the contribution has often been degenerate with other effects (most markedly the neutrino flux prediction). Recent results from T2K, exploiting both muon and proton kinematics, allow an opportunity for a relatively transparent quantification of the 2p2h contribution.
GiBUU describes neutrino-nucleus 2p2h excitations by analogy to electron-nucleus scattering, which is much better measured, relating the neutrino structure functions to those for electrons by a simple factor where the only parameter to determine is the isospin, T , of the initial state. Comparing to the latest T2K results, it is therefore satisfying to see that in the 2p2h-enhanced high transverse imbalance region, the result clearly favours T = 0 to T = 1, the former case showing excellent agreement with the results in the pertinent kinematic regions. Since the groundstate isospin of 12 C is indeed T = 0, consistency of electron and neutrino scattering data is achieved. It will be interesting to look for this isospin-effect in experiments with 40 Ar as a target, such as MicroBooNE and DUNE. Here T = 2, so a stronger enhancement factor is expected. 
